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Construction of recombinant neisserial Hsp60 proteins and mapping of 
antigenic domains. 

Pannekoek Y, Dankert J, van Putten JP. 

Max-Planck-Institut fur Biologie, Abteilung Infektionsbiologie, Tubingen, Germany. 

Here we report the cloning and expression, in Escherichia coli, of PCR-ampUfied DNA 
encoding the 63-kDa stress-inducible protein of Neisseria gonorrhoeae strains VPl and 
PID2, Neisseria meningitidis 2996 and the conomensal Neisseria flavescens. DNA 
sequence analysis revealed in all cases one open reading frame of 541-544 amino acids 
corresponding to a protein of approximately 57,000 Da. The various neisserial proteins 
were > 96% identical at the amino acid level and showed extensive homology with proteins 
belonging to the Hsp60 heat-shock-protein family. We constructed defined glutathione S- 
transferase fusion polypeptides of the gonococcal Hsp60 homologue to locate antigenic 
domains on the recombinant protein. Variation in the immunoreactivity of two monoclonal 
antibodies recognizing a conserved and a neisseria-unique antigenic Hsp60 determinant, 
respectively, could thus be deduced to result from single amino acid substitutions. Analysis 
of the antibody response in patients' sera demonstrated reactivity with the same fusion 
polypeptides in six out of nine sera, indicating that neisserial Hsp60 is expressed during the 
natural infection and that distinct domains on the protein are immunodominant in vivo. 
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Abstract 

Neisseria meningitidis is a major cause of meningitis and sepsis. Despite nearly 25 years of work, there is no promising 
vaccine candidate for prevention of disease caused by meningococcal B strains. This review summarizes newer approaches for 
eliciting protective meningococcal B immune responses, including the use of molecular mimetics of group B polysaccharide and 
conserved membrane proteins as immunogens. The capsular polysaccharide of this organism is conserved and serum antibody 
to this capsule confers protection against disease. However, the immunogenicity of meningococcal B polysaccharide-based 
vaccines is poor. Further, a portion of the antibody elicited has autoantibody activity. Recently, our laboratory produced a 
panel of murine monoclonal antibodies (Mabs) that react specifically with capsular polysaccharide epitopes on meningococcal 
B that are distinct from host poly sialic acid. These Mabs elicit complement-mediated bactericidal activity and confer passive 
protection in animal models. The anti-caps ular Mabs were used to identify molecular mimetics from phage display peptide 
libraries. The resulting peptides were antigenic mimetics as defined by binding to the Mabs used to select them but, to date, are 
poor immunogenic mimetics in failing to elicit anti-capsular antibodies. © 1999 Federation of European Microbiological 
Societies. Published by Elsevier Science B.V. All rights reserved. 

Keywords: Meningococcal disease; Vaccine; Molecular mimetic; Anti-idiotype; Peptide mimetic; Phage display 



1. Introduction 

The disease burden caused by Neisseria meningiti- 
dis is considerable. With the control of Haemophilus 
influenzae type b disease by vaccination, N meningi- 
tidis has emerged as one of the most common causes 
of meningitis in children and young adults. Despite 



* Corresponding author. Tel.: +1 (510) 450-7640; 
Fax: +i (510) 428-3608; E-mail: dgranoff@chori.org 



the availability of anti-microbial therapy, case fatal- 
ity rates from meningococcal meningitis average 5- 
10% [1-5 J and up to 25% of survivors are left with 
neurosensory hearing loss or other neurological se- 
quelae [5]. This organism is also an importarit cause 
of sepsis and endotoxin shock (case fatality rates up 
to 40%) [1-5]. 

Strains of N, meningitidis can be divided into 12 
serogroup s based on chemically and antigenically 
distinctive polysaccharide capsules [6]. Five sero- 
groups, designated A, B, C, Y and W-135, account 
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for virtually all disease-producing isolates. In Eu- 
rope, group B isolates predominate (50-80% of iso- 
lates), with most of the remaining isolates being se- 
rogroup C [2,4,7]. 

A^. meningitidis also has a propensity to cause epi- 
demics. Cyclic epidemics of serogroup A disease oc- 
cur every 5-10 years in sub-Saharan countries of 
Africa [8,9]. These epidemics can result in hundreds 
of thousands of cases in a single season, with tens of 
thousands of deaths. Outbreaks of serogroup C dis- 
ease also have emerged as an important clinical 
problem in North America [11,12] and serogroup B 
epidemics have occurred periodically in Europe, the 
Americas and in New Zealand [3,10,13,14]. Given 
this large disease burden in the developed and devel- 
oping world, an effective vaccine for prevention of 
A^. meningitidis disease remains an important pubhc 
health priority. 

First generation, plain polysaccharide vaccines are 
available for prevention of meningococcal disease 
caused by serogroups A, C, Y and W-135 [15-17]. 
These vaccines are safe and in older children and 
adults induce complement-mediated bactericidal 
antibody that confers protection against disease 
[15,17]. However, the plain polysaccharide vaccines 
are poorly immunogenic in infants and young chil- 
dren and, thus, fail to confer protection to the age 
groups with the highest incidence of meningococcal 
disease [15]. Several commercial organizations are 
developing meningococcal polysaccharide-protein 
conjugate vaccines against N. meningitidis strains of 
serogroups A and C or A, C, Y and W-135. These 
conjugate vaccines are safe and more immunogenic 
in infants and toddlers than the plain polysaccharide 
vaccines [17-21]. The conjugate vaccines also induce 
long-term immunologic B-cell memory to the plain 
polysaccharide [19,20], which could be important in 
protection in immunized individuals with low serum 
antibody concentrations. Clinical development of 
several meningococcal conjugate vaccines is very ad- 
vanced. It, therefore, seems highly likely that a 
monovalent meningococcal C conjugate vaccine will 
be introduced for routine immunization in Europe 
and North America within a few years and that a 
multivalent vaccine for prevention of A, C, Y and 
W-135 strains wiU follow. However, as described be- 
low, despite nearly 25 years of work, there is no 
promising vaccine candidate for prevention of dis- 



ease caused by meningococcal B strains, which are 
responsible for up to 80% of meningococcal cases in 
industrialized countries. The lack of a suitable group 
B vaccine will, therefore, be an important limitation 
in the control of meningococcal disease by the new 
conjugate vaccines [15,17]. 

A number of experimental approaches have been 
used to develop vaccines for the prevention of me- 
ningococcal B disease. These include vaccines based 
on eliciting antibody to the group B capsule [22,23] 
or to non-capsular antigens. The non-capsular ap- 
proaches include outer membrane vesicle (OMV) 
vaccines [24-27], specific outer membrane proteins 
(OMPs) such as PorA [28-34], iron-regulated pro- 
teins [35-37], class 4 (Rmp) proteins [38], Opc [39], 
Neisserial surface protein A [40,41] and detoxified 
lip op oly saccharide [42-46]. In this minireview, we 
summarize the status of some of the more promising 
and/or clinically advanced approaches for develop- 
ment of a meningococcal B vaccine. We also present 
a summary of data from our laboratory investigating 
the use of molecular mimetics of the group B poly- 
saccharide as vaccine candidates. 



2. Non-capsular antigens of A^. meningitidis as vaccine 
candidates for prevention of group B disease 

2.7. OMP vesicle-based vaccines 

Considerable evidence indicates that certain non- 
capsular antigens can elicit protective antibody re- 
sponses (reviewed in [47]). in older children and 
adults, OMV vaccines have proven to be modestly 
effective in preventing epidemic meningococcal B dis- 
ease caused predominantly by a single serosubtype 
strain [25,48,49]. However, these vaccines did not 
confer protection in children less than 2-3 years of 
age, the group at greatest risk of developing menin- 
gococcal disease. Also, for reasons described below, 
the vesicle vaccines provide minimal or no cross-pro- 
tection against meningococcal B strains with heterol- 
ogous serosubtypes. 

The bactericidal antibody responses to OMV vac- 
cines appear to be directed predominantly at the 
class I porin protein (PorA) [34,50]. The predicted 
structure of PorA contains eight hydrophilic exposed 
loops that are created as the porin traverses the outer 
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membrane (OM) [51,52]. Amino acid variability be- 
tween different PorA proteins is restricted to specific 
regions of loops 1 and 4. Interestingly, the bacterici- 
dal antibody responses to the vesicle vaccines tend to 
be directed primarily to these variable regions, which 
account for the serosubtype specificity of the vac- 
cine-induced immunity [50,52]. Furthermore, even 
minor sequence variations in a portion of loop 4, 
designated variable region 2 (VR2), can drastically 
effect the susceptibility of a strain to complement- 
mediated bacteriolysis induced by serum antibody 
elicited by the vesicle vaccine [28]. 

To expand protection to a greater number of 
strains, a recombinant hexavalent PorA vesicle vac- 
cine was developed at the Rijksinstituut Voor Volks- 
gezondheid en Milieu (RIVM, The Netherlands) us- 
ing vesicles prepared from two strains that each 
express three different PorA proteins [32-34]. The 
hexavalent PorA OMP vaccine has been evaluated 
in clinical trials in adults and infants. In most sub- 
jects, the bactericidal antibody responses were only 
modest. Also, compared to those elicited by the cor- 
responding monovalent vesicle vaccine, interference 
was observed in the immunogenicity between certain 
serotype antigens contained in the multivalent vac- 
cine [53]. 

in summary, OMV vaccines can clearly induce 
protective antibody in humans and for this reason, 
they have been regarded as important vaccine candi- 
dates. However, this approach has some important 
limitations. These include restricted bactericidal anti- 
body response to hypervariable regions of PorA, the 
propensity for disease during non-epidemic periods 
to be caused by multiple strain variants and the po- 
tential for antigenic drift that may be accelerated by 
selective pressures resulting from the immune re- 
sponses induced by vaccination [54]. Therefore, it 
will be a formidable challenge to develop a universal 
meningococcal B vaccine based only on evoking pro- 
tective antibody responses to the PorA protein or 
based on other membrane proteins that share the 
feature of antigenic diversity in the surface-exposed 
epitopes, 

2.2. Transferrin binding protein B (ThpB) 

Iron is important in the metabolism of Neisseria 
and this organism has evolved elaborate means to 



scavenge iron from the environment. TbpB is a sub- 
unit of transferrin binding protein, a surface-exposed 
N. meningitidis group B lipoprotein whose expression 
is up-regulated when the organism is grown in iron- 
restricted media. Although amino acid sequence var- 
iation is common in the B subunit of Tbp [55], re- 
combinant TbpB produced in Escherichia coli is im- 
munogenic in experimental animals and elicits high 
titers of bactericidal antibody that are active against 
most meningococcal B strains [56,57], Thus TbpB is 
an attractive vaccine candidate and is currently being 
developed by a commercial organization, in a recent 
phase 1 study in adult humans, a recombinant TbpB 
vaccine was reported to elicit high IgG antibody 
titers as measured by an enzyme-linked immunosorb- 
ent assay (ELISA), but the resulting antibodies 
showed minimal complement-mediated bacteriolytic 
activity [58]. Given the importance of bactericidal 
antibody in protection, its absence in most of the 
post-immunization sera raises concerns about the 
potential efl&cacy of this TbpB vaccine in humans. 
Future vaccine work on TbpB will likely focus on 
investigating improved formulations and use of ad- 
juvants. 

2.3. Neisseria! surface protein A (NspA) 

NspA was recently described by Martin and Bro- 
deur and coworkers [40]. They generated monoclonal 
antibodies (Mabs) by sequential immunization of 
mice with OM preparations from a meningococcal 
serogroup A strain followed by a meningococcal 
group C strain. A Mab, designated Me-1, was iso- 
lated that was bactericidal against meningococcal A, 
B and C isolates and cross-reacted with 248 of 250 
meningococcal strains in a colony blot ELISA using 
whole bacterial antigens. This strain collection in- 
cluded representatives of serogroups A, B, C, 29 -E, 
W-135, Y and Z (including 44 serogroup B organ- 
isms). Thus, the epitope recognized by Mab Me-1 is 
highly conserved across N. meningitidis. Me-1 is also 
reported to confer passive protection in mice against 
a lethal challenge with meningococcal B bacteria. 
Thus, this epitope is not only present in Neisseria 
organisms grown in vitro but also during infection. 

Immunization of mice with recombinant NspA 
mixed with the adjuvant, QuilA, elicited bactericidal 
antibody responses against serogroup A, B and C 
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strains [40]. Immunized mice were also protected 
from a lethal challenge with live meningococcal B 
organisms [40]. Recently, recombinant NspA ab- 
sorbed to alum was also reported to elicit bacterici- 
dal antibody responses in rabbits and subhuman pri- 
mates [41]. However, during natural infection in 
humans, NspA appears to elicit only weak antibody 
responses as measured by ELISA in acute- and con- 
valescent-phase sera (generally 2-fold increases or 
less) [59]. 

NspA may represent the first of a novel group of 
promising vaccine candidates that are characterized 
by being highly conserved Neisseria membrane pro- 
teins, present in a relatively low copy number in the 
OM and relatively weak immunogens during natural 
infection. One challenge will be to develop vaccine 
formulations of NspA that are more immunogenic in 
humans than natural infection. There are clear prece- 
dents for achieving this goal, for example tetanus 
toxoid or H. influenzae type b polysaccharide-protein 
conjugate vaccines. But specific new approaches may 
be needed for enhancing the immunogenicity of these 
membrane proteins. 

3. N. meningitidis group B polysaccharide-based 
vaccines 

The group B polysaccharide capsule is composed 
of a homoUnear polymer of a(2 -> 8)Ar-acetyl neura- 
minic acid (poly sialic acid). This capsule is an impor- 
tant virulence determinant. Mutants deficient in cap- 
sular expression are serum- sensitive and non- 
pathogenic [60]. Evidence also indicates that serum 
antibody to the group B polysaccharide confers pro- 
tection against disease by activating complement- 
mediated bacteriolysis and/or opsonization [61]. Ef- 
forts, however, to employ the meningococcal B cap- 
sular polysaccharide as a vaccine component have 
been hampered by its poor immunogenicity, even 
when conjugated to a carrier protein [62,63]. This 
poor immunogenicity is attributed to immunologic 
tolerance induced by fetal exposure to cross-reactive 
polysialated glycoproteins that are expressed in a 
variety of host tissues, such as the neural cell adhe- 
sion molecule [64,65]. 

An innovative strategy for overcoming immuno- 
logic tolerance was first proposed by Jennings and 



coworkers. These investigators substituted 7V-pro- 
pionyl (N-Pr) for 7V-acetyl (N-Ac) groups on the 
polysaccharide and conjugated the resulting N-Pr 
meningococcal B polysaccharide to a protein carrier 
[23,66]. The resulting conjugate vaccine was highly 
immunogenic in experimental animals, eliciting IgG 
anti-capsular antibodies that activated complement- 
mediated bacteriolysis in vitro and passively pro- 
tected experimental animals infected with meningo- 
coccal B bacteria. A second generation version of 
this vaccine that uses a recombinant OMP as a car- 
rier is currently in late-state pre-clinical development 
[22]. However, one important safety concern with 
this vaccine is that a subset of the antibodies elicited 
has an ti -host antibody activity [22,67-69]. Autoanti- 
bodies elicited by N-Pr meningococcal B polysac- 
charide have the potential to either evoke autoim- 
mune disease in vaccinated individuals or to cross 
the placenta and interfere with neural cell migration 
in the developing fetus [70,71]. Therefore, it will be a 
difficult task to establish that such a vaccine is safe. 

The chemical structures of meningococcal B poly- 
saccharide and host polysialic acid appear to be 
identical to each other [64,72]. However, based on 
binding data from Mabs prepared to N-Pr meningo- 
coccal B polysaccharide, there appear to exist poly- 
saccharide- associated epitopes on the bacteria that 
are distinct from those present on the host polysialic 
acid [67,69]. 

We have prepared a panel of murine Mabs to 
N-Pr meningococcal B polysaccharide [67]. Fig. 1 
shows data from indirect fluorescence flow cytometry 
measuring binding of murine Mabs to the surface of 
either live meningococcal bacteria (A) or to a neuro- 
blastoma cell line, CHP-134, which expresses on its 
surface long-chain polysialic acid associated with the 
neuronal cell adhesion molecule (B). The latter serves 
as a representative cellular marker for human poly- 
sialic acid antigens. As shown in Fig. lA, a repre- 
sentative anti-N-Pr meningococcal B polysaccharide 
Mab, designated SEAM 3, binds to an encapsulated 
meningococcal B strain NMB, but not to strain M7, 
a transposon-containing capsular-deficient mutant of 
the strain NMB. This result demonstrates the specif- 
icity of the Mab for capsular polysaccharide epi- 
topes. However, as shown in Fig. IB, the SEAM 3 
anti-N-Pr meningococcal B polysaccharide Mab 
gives no detectable binding to the CHP-134 cells 
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Table 1 



Peptide and antibody mtmetics of carbohydrates 


Carboliydrate 


Mimetic 


Comment 


Reference(s) 


a-D-Mannopyranoside 


Peptide 


Similar consensus sequence obtained 


Scott et al. [100]; 






independently by two groups 


Ulaenberg et al. [9oj 


Meniiogococcal group C 


Anti-idiotype Mab 


Elicits protective antibody when used as an 


Westerink et al. 


polysaccharide 




immunogen 


[84,93] 


Nleningococcal group C 


Pep tide 


Hlicits protective antibody when used as an 


westenruc et at. lojj 


polysaccharide 




immunogen; peptide derived from anti-Id Mab 




l^ewis Y antigen 


Peptide 


Peptide is a specific inhibitor of selecting Mab 


noess et ai. [7/j 






binding to cellular antigens 




Siayl Lewis X antigen 


Peptide 


Peptide is a specific inhibitor of neutrophil 


Martens et al. [119] 






adhesion 




Group A streptococcal polysaccharide 


Peptides 


Mab binding to peptide mimetics different than 


Harris et al. [96] 






binding to polysaccharide 




Type HI group B streptococcal 


ScFv antibody 


Elicits protective antibody when used as an 


Magham et al. [79] 


polysaccharide 




immunogen 




Type 111 group B streptococcal 


Peptide 


Elicits polysaccharide cross-reactive antibody 


Pincus et al. [81] 


polysaccharide 




when used as an immunogen 




Cryptococcal glucuronoT^lomannan 


Peptides 


Peptides are good antigenic mimetics but poor 


Valadon et al. [83]; 






immunogenic mimetics 


Ziuang et al. [ot>j 


P. aeruginosa lipooligosaccharide 


Anti-idiotype Mab 


Elicits protective antibody when used as an 


Schreiber et al. [91] 






immunogen 




N. meningitidis lipooligosaccharide 


Peptide 


Preliminary evidence of immunogenic mimicry 


Charalambous and 








Feavers [120] 


N. gonorrhoeae lipooligosaccharide 


Anti-idiotype Mab 


Elicits anti-lipooligosaccharide cross-reactive 


Gulati et al. [87] 






antibodies 




S. fiexneri serotype 5 lipopoly- 


Peptide 


Two of 19 peptides identified elicit anti- 


Phalipon et al. [80] 


saccharide 




carbohydrate antibodies 




Adenocarcinoma-associated 


Peptides 


Evidence for immunogenic mimicry is weak 


Kieber-Emmons et al. 


carbohydrate antigens (Lewis Y) 




(i.e. specificity not demonstrated) 


(121] 


HIV carbohydrate antigens 


Peptides 


General peptide motifs elicit carbohydrate 


Agadjanyan et al. 






cross-reactive antibodies 


[107] 



when tested at an antibody concentration of 100 |xg 
ml~^ (approximately 98% of the cells have < 10 
units of fluorescence). In contrast, a second anti-N- 
Pr meningococcal B polysaccharide Mab, SEAM 35, 
shows strong binding to the CHP-134 cells when 
tested at an antibody concentration of 10 |ng ml~^ 
Evidence of specificity of binding of SEAM 35 to 
poly sialic acid is demonstrated by a decrease in fluo- 
rescence to negative control levels when this Mab is 
incubated with CHP-134 cells that were pre- treated 
with neuraminidase. Thus, there are capsular epi- 
topes defined by SEAM 3 that are unique to the 
bacteria. 

SEAM 3 also elicits complement-mediated bacter- 
iolysis [67], is opsonic in vitro [73] and passively 
confers protection against bacteremia and meningitis 
in infant rats challenged with meningococcal B bac- 



teria [73]. Hence, a vaccine that elicited serum anti- 
bodies to the antigenic specificity defined by SEAM 
3 should both confer protection against meningococ- 
cal B disease and avoid the safety concerns of elicit- 
ing autoantibodies to host poly sialic acid. As de- 
scribed below, one approach to identifying such a 
candidate antigen is the use of molecular mimetics 

4. Molecular mimetics of polysaccharide epitopes as 
vaccine candidates 

Recently, there has been considerable interest in 
using molecular mimetic immunogens to elicit pro- 
tective immune responses to difi'erent pathogens [74- 
86]. This approach has the greatest utility when the 
nominal antigen is toxic or difficult to purify (i.e. the 
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With Capsule 
(NMB) 



Without Capsule 
(M7) 




10" 10' 10* 10-* 10^ 10° lO' XT 10^ 10' 

FLI-HobM FLl-H«Ioht 




Negative Control 
(VI G10) 



Positive Control 
(Subype PI .2) 



SEAM 3 
(lOMg/knL) 



SEAM 35 
(10 Mg/inL) 



B 



• Neuraminidase 



•t- Neuraminidase 



10" to' 10* lO"^ to 
FLI-H eight 



10" to' 10* 10*10^ 
FLI-HeisM 



□ki ceo 



10" to' 10* to'' 10 
FLt-HNoht 



to" 10' 10* to* 10^ 
FLt-Hdohl 




10" to' 10* tO"* 10^ 
Fll-Hnght 




Negative Control 
(VIG10) 



Positive Control 
(Antl-CD 56 



SEAMS 
(lOOpg/mL) 



10" 10' 10* 10" to^ 
FLl-HdoK 



SEAM 35 
(lOpg/nriL) 



10" 10' to' 10" 10 
FLl-HeigW 



10" 10' 10* 10' 10^ 
FLl-Hdcht 



lip o oligosaccharide of Neisseria gonorrhoeae [87]) or 
when it is desirable to direct the immune response to 
a limited number of epitopes (see for example 
[74,82]). Table 1 summarizes reports from the liter- 
ature of peptide and anti-idiotype antibody mime tics 
of carbohydrate structures. 



Fig. 1 . Cross-reactivity of representative anti-N-Pr meningococcal 
B polysaccharide Mabs with encapsulated and non-encapsulated 
whole meningococcal B bacteria (A) and polysialic add antigens 
displayed on the surface of the human neuroblastoma cell line 
CHP-134 (B) as determined by indirect fluorescence flow cytome- 
try. A: Binding of VIGIO, an irrelevant Mab, N. meningitidis 
subtype reagent PI. 2 (Rijksinstituut Voor Volksgezondheid en 
Milieu, Bilthoven, The Netherlands) and an anticapsular SEAM 
3 and 35 to meningococcal strains NMB and M7. The capsule of 
strain NMB contains N-Ac meningococcal B polysaccharide. M7 
is a non-encapsulated mutant derived from strain NMB by trans- 
poson insertion. SEAM 35 was not tested with strain M7. B: 
Binding of VlGlO (negative control Mab, irrelevant specificity), 
anti-CD 56 (positive control, see text) and anti-N-Pr meningococ- 
cal B polysaccharide Mabs SEAM 3 and SEAM 35 to CHP-134 
neuroblastoma cells. 



4,L Anti-idiotype internal image mime tics 

Idiotypes are antigenic determinants in or near the 
paratope, the portion of the immunoglobulin mole- 
cule defining antibody • specificity (reviewed in Bona 
[88] and Greenspan [89]). The antibody response to 
the nominal antigen is referred to as Abl (Fig. 2), 
Idiotypes on the Abl molecules can be effective im- 
munogens and elicit anti-idiotype antibody responses 
(so called, Ab2). As shown in Fig. 2, a subset of the 
Ab2 responses includes antibodies (Ab2p) that ex- 
press an internal image' of the Abl molecule. This 



Nominal antigen 

/ 

Abl idiotype 



Ab2p anti-idiotype 




Immunization with Immunization with Immunization with 
nominal antigen Abl idiotype produces Ab2p anti-idiotype 
produces Abl idiotype Ab2 anti-idiotype produces Ab3 

(internal image subset (specificity equivalent 
isAb2p) to Abl) 

Fig. 2. Schematic depiction of the relationship between idiotype 
antibodies and anti-idiotype internal image antibody mimetics. 
The nominal antigen elicits antibody Abl. Immunization with 
Abl elicits anti-idiotype antibodies Ab2. A subset of Ab2 anti- 
bodies known as Ab2p have surface characteristics that are inter- 
nal images of the Abl paratope. Ab2p antibodies are defined by 
the ability to mimic the nominal antigen in binding to Abl and 
in eUciting antibodies (Ab3) in which a subset cross-reacts with 
the nominal antigen (Abl')- 
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'internal image* on the Ab2p molecule may elFec- 
tively mimic the nominal antigen used to elicit the 
original Abl response [90] and elicit an antibody 
response (Ab3) cross-reactive with the nominal anti- 
gen. 

internal images expressed by anti-idiotype Ab2 
antibodies can mimic carbohydrate epitopes of cer- 
tain bacterial pathogens and can elicit antibody re- 
sponses that are reactive with the nominal antigen 
expressed by the pathogen. For example, idiotype- 
based vaccines have been reported to elicit protective 
(Ab3) anti-lip ooligosaccharide antibody responses to 
Pseudomonas aeruginosa [91] or A^. gonorrhoeae [87]. 
Internal image idiotypes have also been reported to 
mimic epitopes and to elicit protective antibody to 
the polysaccharide capsule of N. meningitidis group 
C [92,93]. 

Recent advances using recombinant single chain 
fragment variable (ScFv) antibodies have greatly 
simplified the process of preparing anti-idiotype anti- 
bodies [94,95]. Furthermore, Maghani et al. recently 
showed that a single chain fragment Ab2 anti-idiot- 
ype, prepared against a protective anti-poly sacchar- 
ide Mab, elicited a protective serum anti-carbohy- 
drate antibody response in mice to type 111, group 
B streptococcus [79]. 

4.2. Peptide mimetics of polysaccharides 

Random peptide libraries expressed by filamentous 
phage provide another approach to identify candi- 
date mimetic molecules [81,83,96-103]. The utility 
of peptide libraries for defining the fine antigenic 
specificity of protective and non-protective murine 
Mabs to a polysaccharide has been demonstrated 
by Valadon et al, for the Cryp toco ecus neoformans 
polysaccharide capsule [83]. Antigenic mimicry be- 
tween peptides and cryptococcal polysaccharide epi- 



topes has also been demonstrated by competitive 
binding to human antibodies [86]. 

The underlying principle that some antigenic mim- 
etic peptides (i.e. binding mimicry) can also serve as 
immunogenic mimetics capable of eliciting anti-cap- 
sular antibodies is supported by studies of Westerink 
et al. [85] and Pincus et al. [81]. Westerink described 
a small peptide that in mice elicited complement- 
mediated bactericidal anti-capsular antibody re- 
sponses and conferred protection against a lethal 
challenge by serogroup C meningococci, in addition, 
immunization of *hu-PBMC-SClD' mice with the 
peptide mimetic elicited human anti-capsular anti- 
body responses that were functional in a bactericidal 
assay [104]. This peptide was identified from the ami- 
no acid sequence corresponding to a loop segment of 
an anti-idiotypic antibody directed against an anti- 
meningococcal C polysaccharide Mab. Pincus et al. 
described a 12-amino acid peptide mimetic of tj^e 
111 group B streptococcal carbohydrate that eUcited 
protective anti-carbohydrate antibodies in mice [81]. 
The peptide was selected from a phage display pep- 
tide library using a protective anti-type 111 group B 
streptococcal carbohydrate Mab. 

4.3. Peptide mimetics of N-Pr meningococcal B 
polysaccharide epitopes 

To search for peptide mimetics of meningococcal 
B polysaccharide, we screened phage display peptide 
libraries with several anti-N-Pr meningococcal B 
polysaccharide antibodies (SEAM Mabs). The anti- 
bodies used were heterogeneous with respect to fine 
antigenic specificity but were all able to activate 
complement -mediated bacteriolysis. They were also 
chosen based on no detectable cross-reactivity or 
minimal cross-reactivity with host polysialic acid. 
The phage display peptide libraries were constructed 



Table 2 



Characteristics of phag( 


£ display peptide libraries** 




Library 


Randomized segment*' 


Number of sequences 


Linear eight-mer (L8) 


AEXXXXXXXXGG(P)6 . . . 


2.5X108 


Cyclic six-mer (C6) 


AECXXXXXXC(P)4... 


6.4X10' 


Single C (CI) 


AEXXXXXXXXGC(P)fi... 


2.5X10» 



"Peptides are displayed as fusions with Ml 3 phage protein, pUl. 

*'X represents a random amino acid, all others are standard single letter code. 
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in an M13 vector (gift of J, Winter of Chiron Cor- 
poration, Emeryville, CA, USA). As shown in Table 
2, the peptides are displayed as amino- terminal ex- 
tensions of the bacteriophage protein, pill, with an 
intervening polyproline segment to extend the dis- 
play peptide away from the protein. The linear 
eight-mer library consists of eight randomized co- 
dons. Since structural constraints can improve the 
aflSnity of peptide ligands in binding to antibody 
receptors, the cyclic six-mer and single C libraries 
contain two and one cysteine(s), respectively, in or- 
der to favor the selection of peptides having the po- 
tential to be constrained by a disulfide bond. All 
three of the hbraries begin at the amino-terminus 
with Ala-Glu from the wild-type pill sequence in 
order to ensure proper processing of the signal se- 
quence. 

4.4. Screening phage display peptide libraries with 
anti-N-Pr meningococcal B polysaccharide Mats 

The biopanning procedure used to screen the li- 
braries was based on methods described by Smith 
and Scott [102]. In brief, Mabs were absorbed di- 
rectly onto microtiter plates. After blocking the 
plates with 5%) non-fat dry milk in phosphate-buff- 
ered saline (PBS-milk), the phage libraries were 
added (-'lO^** pfu) in PBS-milk to the plates and 
incubated overnight at 4*'C. The plates were washed 
nine times with PBS and the bound phage was re- 
leased by adding 0.2 M glycine-HCl (pH 2.2) buffer. 
The solution containing released phage was neutral- 
ized with Tris buffer (1.5 M, pH 8.8) and used to 
infect a fresh culture of E. coli. After removing the 
bacteria, the phage produced in the culture were har- 
vested by precipitation with polyethylene glycol and 
were used in the next round of panning. The biopan- 
ning procedure was repeated ,four times for each 
Mab. Phage from the final round of panning were 
isolated as plaques and propagated in E. coli. DNA 
prepared from a portion of the isolated phage was 
used for sequencing. 

To date, anti-N-Pr meningococcal B polysacchar- 
ide Mabs SEAM 2, 3, 7, 16 and 18 (Mabs described 
in detail in [67]) were used to screen the linear eight- 
mer, cychc six-mer and the single C phage display 
peptide libraries. A total of 67 unique peptide se- 
quences was selected by the anti-poly saccharide 



Mabs. Of these, six were identified on more than 
one occasion and their respective synthetic peptides 
were shown to be reactive with the Mabs (Tables 3 
and 4). Five of the six contained two cysteines. Of 
these, Pep3 and 4 were identified from the cyclic six- 
mer library and Pep6, 8 and 9 from the single C 
library. As specificity controls, three additional 
Mabs were used to screen the single C library: a 
mouse IgM anti-meningococcal B polysaccharide 
Mab with strong autoantibody activity to human 
polysialic acid (2- IB [105]), a human IgM anti-//^. 
influenzae type b polysaccharide Mab (ED8 [106]) 
and a mouse IgG Mab of irrelevant specificity 
(LaZ2 [105]). None of the sequences selected by the 
three control antibodies from the single C library 
was identical or significantly homologous to those 
selected by the anti-N-Pr meningococcal B polysac- 
charide Mabs (data not shown). 

Although the particular sequences selected by the 
anti-N-Pr meningococcal B polysaccharide Mabs 
were variable, most of the 67 unique sequences con- 
tained a three- amino acid segment corresponding to 
one of two related consensus sequence motifs: hy- 
drophobic -Arg-hydrophobic or hydrophobic-(Arg/ 
Gln)-(Ser/Tyr/Gly). The motif occurs once or twice 
in the sequence. The length of the motif (three to 
'^six amino acids) and the prevalence of Arg in 
the sequence are similar to those of mimetic peptides 
identified for other polysaccharide binding proteins 
[85,96]. Arginine may mimic hydrogen bonding 
properties of multiple hydroxyl groups in a carbohy- 
drate while the hydrophobic moieties may simulate 
interactions with the carbon backbone. 

4.5. Antigenic mimicry of candidate N-Pr 

meningococcal B polysaccharide peptide mime tics 

For characterization of the binding characteristics 
of the different Mabs to synthetic peptides, the par- 
tially purified anti-N-Pr meningococcal B polysac- 
charide Mabs were purified further on a BIO CAD 
perfusion chromatography workstation using a Po- 
ros G/M column. An ELISA was used to determine 
the ability of the Mabs to recognize synthetic pepti- 
des corresponding to selected peptide mimetic se- 
quences. Synthetic peptides were purchased from 
Biosynthesis. To facilitate absorption to wells of 
the ELISA plate, the peptides were modified by the 
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Fig. 3. Binding of anti-N-Pr meningococcal B polysaccharide Mabs to solid-phase lauroyl-Gly-Gly-Pep8 (see Table 3 for the amino acid 
sequence of Pep8). Data are shown for antibodies diluted in buffer or diluted in buffer plus 25 \ig mr' N-Pr meningococcal B polysac- 
charide. The Mabs were tested at a concentration of 2 ng ml"'. The results are after 30 min incubation with substrate. 




addition of a hydrophobic tail moiety (lauroyl-Gly- 
Gly) to the amino -terminus. Further, the peptides 
were synthesized as carboxyl-terminal amides. Some 
of the synthetic lauroyl-Gly-Gly peptides showed 
poor binding to one or more of the corresponding 
Mabs used to select the respective phage display pep- 
tide (compare Tables 3 and 4). This poor binding 
may be due to low affinity binding or to sensitivity 
of the Mab/peptide binding interactions to how the 
peptide is presented. Fig. 3 shows representative 
binding data of different Mabs to the peptide Pep 8. 



For anti-N-Pr meningococcal B polysaccharide Mab 
SEAM 3, the addition of an excess N-Pr meningo- 
coccal B polysaccharide (25 \ig ml~^) to the antibody 
diluting buffer completely inhibited binding to the 
solid-phase peptide. For the other antibodies, there 
was either partial inhibition of binding (e.g. SEAM 
16 and 18) or no inhibition (SEAM 5). Similar re- 
sults were obtained with other peptides in Table 3. 

The ability of soluble polysaccharide to inhibit 
binding of anti-N-Pr meningococcal B polysacchar- 
ide Mab, SEAM 3, to solid -phase PepS was highly 



Table 3 



Phage display peptides selected multiple times by anti-N-Pr meningococcal B polysaccharide Mabs 



Synthetic peptide designation" 


Sequence** 


Selecting antibody'^ 


Number of identical isolates 


Cross-reacting antibod/ 


Pepl 


PLRSLRSYWG 


SEAM 3, 16, 18 


37 


SEAM 16, 18 


Pep3 


CMRYEATC 


SEAM 7 


5 


SEAM 3, 5, 16. 18 


Pep4 


CGLPRFRC 


SEAM 7. 18 


2 


SEAM 3, 5, 16, 18 


Pep6 


QVPCSSRRGC 


SEAM 12 


4 


SEAM 18 


PepS 


PHCKVNRGC 


SEAM 28 


2 


SEAM 3, 5, 16, 18 


Pep9 


SCRSJCNSAGC 


SEAM 3 


2 


SEAM 3 



''Pep2, 5 and 7 are excluded because none of the selecting Mabs exhibited binding to the synthetic peptide. 
^ Underlined sequences correspond to consensus motifs of hydrophobic- Arg-hydrophobic or hydrophobic-{Arg/Gln)-(Ser/Tyr/Gly). 
Where Mab absorbed to microti ter plate wells is used to capture phage displaying the peptide indicated. 

Defined as Mab binding to the solid-phase antigen, lauroyl-Gly-Gly-Pep, in an EUSA. The Mab was tested at 2 ml"'. A positive is 
defined as an OD at 405 nm of > 0.5 after 30 min incubation with substrate. 



218 



G.R. Moe et al I FEMS Immunology and Medical Microbiology 26 (1999) 209-226 



specific. As little as 0.05 |ig ml~^ N-Pr meningococ- 
cal B polysaccharide completely inhibited the bind- 
ing, in contrast, 1000-fold higher concentrations of 
the closely related N. meningitidis group C polysac- 
charide (a(2 -> 9)iV-acetyl neuraminic acid) did not 
inhibit binding (data not shown). 

4^6. Apparent relative avidity of the different 

antibodies for binding to the polysaccharide and 
to the peptide mime tics 

Dose-response binding of anti-N-Pr meningococ- 
cal B polysaccharide Mabs to sohd-phase N-Pr me- 
ningococcal B polysaccharide, or to the candidate 
lauroyl-Gly-Gly mimetic peptides adsorbed to micro - 
titer wells, was measured in an ELISA. Table 4 sum- 
marizes the respective concentrations of the different 
Mabs required to give an absorbance of 0.5 after 30 
min of incubation with substrate. The respective con- 
centrations required for binding to the polysacchar- 
ide and to the peptides were similar. See, for exam- 
ple, the relative binding of antibodies SEAM 3, 5, 7, 
16 and 18 to the polysaccharide and to Pep8. 

These results differ from those described by Harris 
et al. [96]. Their group employed a panel of anti- 
group A streptococcus cell-wall polysaccharide 
Mabs to select peptide mimetics from several differ- 
ent phage display peptide hbraries. As with our col- 
lection anti-N-Pr meningococcal B polysaccharide 
Mabs, their collection of anti-strep tococcal carbohy- 
drate Mabs showed differences in fine antigenic spe- 
cificity. In addition, their Mabs were shown to rec- 
ognize a 'core' polysaccharide epitope in common. 
However, the peptides selected by their panel of 
Mabs did not have any amino acid sequence motifs 



in common. Further, the peptides selected were 
highly specific for binding only to the Mabs used 
to select them. These results indicate that the pepti- 
des did not mimic the 'core' polysaccharide epitope 
recognized in common by the panel. In contrast, the 
peptides selected by our Mabs cross-reacted with dif- 
ferent Mabs, irrespective of the Mab used for selec- 
tion. This extensive cross-reactivity suggests that the 
peptides identified by our Mabs are antigenic mim- 
etics of a polysaccharide epitope that is recognized in 
common by the Mabs. 

4 J. Peptide competition of anti-capsular antibody 
binding 

The studies described above demonstrate that in 
an ELISA, soluble polysaccharide antigen can easily 
inhibit binding of anti-capsular Mab SEAM 3 to the 
candidate peptide mimetic absorbed to a sohd-phase. 
To date, however, attempts to demonstrate the recip- 
rocal inhibition (i.e. using soluble synthetic peptide 
mimetic to inhibit binding of the Mab to the poly- 
saccharide antigen absorbed to wells of a microtiter 
plate) have been inconclusive. For several of the 
anti-N-Pr meningococcal B polysaccharide Mabs 
tested, instead of inhibition, we observed increased 
binding in the presence of soluble peptide. For ex- 
ample, in the presence of soluble Pep8, the ELISA 
readout for binding of anti-N-Pr meningococcal B 
polysaccharide Mab SEAM 3 to sohd-phase N-Pr 
meningococcal B polysaccharide increased " 3-fold 
compared to the absence of Pep8. This result ap- 
peared to be specific for Pep 8 in that an increase in 
Mab binding was not observed in the presence of 
soluble, irrelevant, control peptides having similar 



Table 4 



Concentration-dependent binding of Mabs to solid-phase N-Pr meningococcal B polysaccharide, as compared to binding to mimetic 
peptides* 



Mab 


N-Pr meningococcal B 
polysaccharide 


' Pepl 


Pep3 


Pep4 


Pep6 


Pep8 


Pep9 


3 


0.004 




0.016 


0.014 




0.009 


0.019 


5 


5 




3 


3 




3 


23 


7 


15 


81 


11 


6 


25 


11 


60 


16 


0.08 


0.2 




0.2 




0.06 




18 


0.14 


0.8 


0.8 


0.4 


1 


0.2 





(-) Indicates no detectable binding in the ELISA. See Table 3 for the amino acid sequences of the peptides. All peptides contain an ami- 
no- terminal lauroyl-Gly-Gly group and are coated directly onto the microtiter plates. 

''Concentration of Mab (ng ml"') required to give an OD of 0.5 at 405 nm after 30 min incubation with substrate in an ELISA. 
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amino acid compositions and net charges as Pep8. 
These data are consistent with a specific interaction 
of Pep8 and the Mab, perhaps formation of immune 
complexes that adhere to the wells of the microtiter 
plate and give an increased signal in the ELISA. A 
second explanation is low affinity binding of Pep8 
with net partial occupancy of the paratope. With 
Peps, this 'partial occupancy' is evidently not suffi- 
cient to inhibit binding of the anti-N-Pr meningococ- 
cal B polysaccharide Mabs to the polysaccharide. 
Instead, 'partial occupancy^, if it occurs, appears to 
stabilize binding between the Mab and polysacchar- 
ide bound to a solid-phase. 

Others have described similar difficulties in obtain- 
ing inhibition of Mab binding to solid-phase antigen 
by peptide mimetics [86,107]. in a few instances 
where such inhibition was reported, instead of solu- 
ble peptides, very high concentrations of phage par- 
ticles displaying the peptide on phage pVlU [108] or 
plir [81,82,86,109] proteins were used as the inhibi- 
tors. In one study, Valadon et al. were able to dem- 
onstrate inhibition of antibody binding to crypto- 
coccal polysaccharide by soluble peptide mimetics 
[83], However, to demonstrate inhibition, they used 
Fab' fragments instead of whole Ig molecules. Sub- 
stitution of Fab' effectively lowers the functional af- 
finity of binding to the solid -phase polysaccharide. 
Apparently, under these conditions, it is easier to 
demonstrate inhibition of binding by the peptide 
mimetic. 

4.8, Importance of peptide structural constraints in 
antigenic mimicry 

As noted above (Table 2), one of the randomized 
phage libraries used by us to search for peptide mim- 
etics was a cyclic six-mer with two cysteines present 
and a second library had a single cysteine present. 
These two libraries were chosen specifically for their 
potential to select cyclic peptide structures that might 
adopt more stable confirmations and, therefore, be 
more effective mimetics of polysaccharide epitopes. 
However, one important finding in our studies was 
that for peptides that contain two cysteine residues, 
it was necessary that they are oxidized to be recog- 
nized by the Mabs (data not shown). These data 
underscore the importance of maintaining the cyclic, 
oxidized form of the peptide to preserve antigenic 



mimicry. Others have described similar results for 
peptide mimetics containing two cysteines [78]. 

4.9. Immunogenicity of PepSIOMF vesicles 

Westerink et al. reported that a peptide mimetic of 
meningococcal C polysaccharide elicited serum anti- 
capsular antibody responses in mice [85]. The immu- 
nogen used in their studies was a peptide with an 
amino-terminal lauroyl group that was hydrophobi- 
cally complexed with meningococcal OMP vesicles. 
OMP vesicles have been shown by others to have 
excellent adjuvant properties when tested with syn- 
thetic peptides [110]. Based on these studies and the 
results of Westerink [85], we prepared OMP vesicles 
from a capsular-deficient mutant meningococcal B 
strain M7 [60], for use as an adjuvant. The method 
used to prepare the vesicles was described by ZolUn- 
ger and coworkers [27,110]. To date, immunogenicity 
studies have been performed with Pep8/OMP. 
Among the candidate antigenic mimetics. Pep 8 was 
chosen for these initial experiments based on its 
cross-reactivity and dose-response binding with the 
different protective Mabs (Table 3 and Fig. 3). For 
preparation of the immunogen, Pep8 was synthesized 
to contain the amino-terminal lauroyl-Gly-Gly moi- 
ety to facilitate complexing to the vesicles. Also, the 
cysteines were converted to cystine by titration with 
potassium ferricyanide. Equal amounts (by mass) of 
oxidized Pep8 and OMP were combined in detergent 
and dialyzed against PBS buffer. Preparations con- 
taining 5 or 50-ixg doses of peptide complexed with 
OMP were administered intraperitoneal with com- 
plete Freund's adjuvant to groups of four female, 
CD 1 mice. Control animals were given OMP vesicles 
alone. Subsequent immunizations were repeated at 3- 
week intervals with incomplete Freund's adjuvant 
instead of the complete adjuvant used for the first 
dose, for a total of three immunizations. 

As measured by ELISA, CDl mice immunized 
with Pep8/0MP developed high anti-Pep 8 antibody 
responses in serum obtained 4 weeks post-third im- 
munization (Fig. 4). Specificity of binding was dem- 
onstrated by the ability of soluble Pep8 (acetyl-Pep8) 
to inhibit antibody binding to solid-phase lauroyl- 
Gly-Gly-Pep8, whereas a soluble irrelevant peptide 
TepR 1 ' (acetyl-Gln-Trp-Glu- Arg-Thr-Tyr-amide) 
gave no significant inhibition of antibody binding. 




50 ^ig OMP only 5 \ig Pep8/0MP 50 ^ig 

Pep8/0MP 

Pooled CD1 Mouse Antisera (n=:4) 

Fig. 4. Binding of anti-Pep8/0MP and anti-OMP sera to lauroyl-Gly-Gly-Pep8 as determined by ELISA. Groups of mice were immunized 
with different doses of Pep8 complexed to OMP vesicles or OMP vesicles alone. After three injections, respective post-immunization sera 
from animals in different groups were pooled. Shown are the binding data from testing dilutions of post-immune sera to Pep8/OMP 
(1:48 000) or control OMP without the addition of peptide (1:100). Serum pools were diluted in buffer alone, buffer containing 50 ^g 
ml"' soluble acetyl-Pep8 or buffer containing 50 ^ig ml"' of an irrelevant peptide (PepRl, acetyl-Gln-Trp-Glu-Arg-Thr-Tyr-amide). The 
results are after 30 min incubation with substrate. 



Specificity of the anti-Pep8 response also was shown 
by absence of anti-Pep8 binding in sera from control 
animals immunized with OMP vesicles alone. How- 
ever, the antisera from mice immunized with Pep8/ 
OMP that contained high titers of anti-Pep8 anti- 
body ( > 1 : 100 000) did not bind to the N-Pr menin- 
gococcal B polysaccharide nominal antigen, as meas- 
ured in an ELISA (data not shown). Thus, although 
the anti-N-Pr meningococcal B polysaccharide Mabs 
recognize Pep8, the anti-Pep8 antibodies generated 
by immunization with lauroyl-Gly-Gly-Pep8/OMP 
were not comparable in polysaccharide binding to 
that of the anti-cap sular Mab. 

The lack of binding of the anti-Pep8 sera to the 
nominal polysaccharide antigen was not unexpected. 
As described above, others have had to test large 
numbers of antigenic mimetic peptides to identify a 
few that were effective immunogenic mimetics [80]. 
The reasons why some antigenic mimetics can serve 
as immunogenic mimetics while others do not are 
unknown. For example, Phahpon et al. [80] identified 
i 9 peptide antigenic mimetics of Shigella flexneri se- 
rotype 5a lipopolysaccharide. Of these, only two 



were able to induce anti-O-antigen antibody re- 
sponses in mice. 

One possible explanation for the failure of some 
antigen peptide mimetics to be effective immunogen 
mimetics is the limited ability of small peptides to 
adopt stable confirmations that could mimic polysac- 
charide epitopes and bind to the B-cell immunoglo- 
bulin receptor with high affinity [103,1 1 1]. In a series 
of papers on peptide mimetics of the capsular glu- 
curonoxylomannan (GXM) of C neoformans, 
Scharff and coworkers have described such an exam- 
ple [83,111,112]. A peptide mimetic (peptide PAl) 
identified in a phage display peptide library by the 
anti-cryptococcal polysaccharide Mab 2H1 was 
shown to be a good antigenic mimetic in binding 
to 2H 1 and inhibiting binding of 2H 1 Fab' to poly- 
saccharide [83]. However, PAl and related peptides 
were found to be poor immunogenic mimetics in fail- 
ing to elicit significant titers of GXM cross-reactive 
antibody [111,112]. Several possible reasons for the 
poor immunogenic mimicry of PA 1 and related pep- 
tides were revealed by the X-ray crystallographic 
structure of 2H1 Fab' with and without peptide 
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PAl bound to it [112]. The crystal structure clearly 
shows the peptide within the antibody combining 
site. However, the contacts between the peptide 
and the antibody are almost exclusively non-specific, 
van der Waals interactions. Furthermore, there is 
poor steric complementarity between PAl and 2H1. 
Most importantly, it is unlikely that a significant 
population of the tightly coiled conformation of 
the peptide bound to the Mab would exist in aque- 
ous solution. Hence, the afl&nity of PAl for equiva- 
lent Ig receptors on antigen presenting cells is likely 
to be weak. As suggested by Scharlf and coworkers, 
it may be especially important for peptide mimetics 
of carbohydrate epitopes to have a stable structure 
closely resembling that of the epitope in order to be 
an effective immunogenic mimetic [112]. 

With increased recognition of the importance of 
structural considerations in immunogenic mimicry, 
we are searching for peptide mimetics of N-Pr me- 
ningococcal B polysaccharide in new phage libraries 
that display independently folding ap and pp pepti- 
des [113-115]. We are also using the anti-N-Pr me- 
ningococcal B polysaccharide Mabs to screen pools 
of combinatorial small molecules. Although this 
work is at a preliminary stage, we are hopeful that 
some of the small molecules identified may be immu- 
nogenic mimetics of meningococcal B polysacchar- 
ide-specific epitopes when conjugated to carrier pro- 
teins. Potentially, these or related approaches will 
lead to the discovery of molecular mimetic antigens 
that can ehcit protective anti-capsular antibody re- 
sponses to the meningococcal B organism but avoid 
eliciting potentially harmful autoantibodies to host 
polysialic acid. 

5. Application of genomic studies to antigen discovery 

As described above, the goal of a safe and effective 
universal meningococcal B vaccine remains elusive 
and the scientific challenges in developing such a 
vaccine are formidable. New approaches, therefore, 
are needed. As described in the Section I, most of 
the non-capsular antigens that are immunogenic dur- 
ing infection and present in the OM in a high copy 
number have already been identified by conventional 
microbiological approaches and investigated. Analy- 
sis of genomic sequences of N. meningitidis group B 



provides an opportunity to identify and investigate 
novel gene products that are predicted to be con- 
served membrane proteins and, that up to now, 
have gone undetected by conventional approaches. 

Recently, the institute for Genomic Research 
(TiGR) reported that they had nearly completed 
the sequencing of the whole genome of N. meningi- 
tidis group B strain MC58 [116]. Publication of the 
results is expected during 1999. Provisional data 
have been analyzed by Dr Rino Rappuoli's group 
at Chiron Vaccines (Siena, Italy) for evidence of sur- 
face-accessible proteins and conservation of pre- 
dicted amino acid sequences, compared to those de- 
rived from the genomic sequences of strains of A^. 
meningitidis group A [117] and N. gonorrhoeae 
[118]. More than 300 DNA sequences were identified 
that were predicted to encode surface proteins in N. 
meningitidis group B strain MC58 and that also are 
conserved in these other two organisms. Many of 
these genes were cloned into expression vectors. 
Mice were immunized with the purified recombinant 
proteins and the resulting antisera were tested for 
their ability to bind to the meningococcal bacterial 
surface using indirect fluorescence flow cytometry 
and their ability to mediate lysis of N. meningitidis 
group B bacteria in the presence of complement. 
Approximately 20 new candidate proteins have 
been identified by this approach. Given this large 
number of potential candidates, one may be cau- 
tiously optimistic that use of one or more of these 
membrane proteins, possibly in concert with a pep- 
tide mimetic antigen of the group B polysaccharide 
or detoxified lipoohgosaccharide [42-46], will lead to 
the development of a safe and effective vaccine that 
will be suitable for universal immunization against 
meningococcal B disease. 
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